Mammalian metallothioneins are redox-active metalloproteins. In the case of zinc metallothioneins, the redox activity resides in the cysteine sulfur ligands of zinc. Oxidation releases zinc, whereas reduction re-generates zinc-binding capacity. Attempts to demonstrate the presence of the apoprotein (thionein) and the oxidized protein (thionin) in tissues posed tremendous analytical challenges. One emerging strategy is differential chemical modification of cysteine residues in the protein. Chemical modification distinguishes three states of the cysteine ligands (reduced, oxidized and metal-bound) based on (i) quenched reactivity of the thiolates when bound to metal ions and restoration of thiol reactivity in the presence of metal-ion-chelating agents, and (ii) modification of free thiols with alkylating agents and subsequent reduction of disulfides to yield reactive thiols. Under normal physiological conditions, metallothionein exists in three states in rat liver and in cell lines. Ras-mediated oncogenic transformation of normal HOSE (human ovarian surface epithelial) cells induces oxidative stress and increases the amount of thionin and the availability of cellular zinc. These experiments support the notion that metallothionein is a dynamic protein in terms of its redox state and metal content and functions at a juncture of redox and zinc metabolism. Thus redox control of zinc availability from this protein establishes multiple methods of zinc-dependent cellular regulation, while the presence of both oxidized and reduced states of the apoprotein suggest that they serve as a redox couple, the generation of which is controlled by metal ion release from metallothionein.
Mammalian metallothioneins are redox-active metalloproteins. In the case of zinc metallothioneins, the redox activity resides in the cysteine sulfur ligands of zinc. Oxidation releases zinc, whereas reduction re-generates zinc-binding capacity. Attempts to demonstrate the presence of the apoprotein (thionein) and the oxidized protein (thionin) in tissues posed tremendous analytical challenges. One emerging strategy is differential chemical modification of cysteine residues in the protein. Chemical modification distinguishes three states of the cysteine ligands (reduced, oxidized and metal-bound) based on (i) quenched reactivity of the thiolates when bound to metal ions and restoration of thiol reactivity in the presence of metal-ion-chelating agents, and (ii) modification of free thiols with alkylating agents and subsequent reduction of disulfides to yield reactive thiols. Under normal physiological conditions, metallothionein exists in three states in rat liver and in cell lines. Ras-mediated oncogenic transformation of normal HOSE (human ovarian surface epithelial) cells induces oxidative stress and increases the amount of thionin and the availability of cellular zinc. These experiments support the notion that metallothionein is a dynamic protein in terms of its redox state and metal content and functions at a juncture of redox and zinc metabolism. Thus redox control of zinc availability from this protein establishes multiple methods of zinc-dependent cellular regulation, while the presence of both oxidized and reduced states of the apoprotein suggest that they serve as a redox couple, the generation of which is controlled by metal ion release from metallothionein.
INTRODUCTION
MT (metallothionein) was discovered as a protein binding cadmium and zinc and received its name on the basis of its high metal and sulfur content [1] . The analysis of the protein from horse kidneys gave 5.9 % cadmium, 2.2 % zinc, 0.2 % iron and 0.1 % copper, which corresponds to 4.0 g-atom of cadmium, 2.6 g-atom of zinc, 0.3 g-atom of iron and 0.1 g-atom of copper based on a metal complement of seven metal ions [2] . In mammalian livers, the protein contains mainly zinc [3] , with the exception of neonatal livers and conditions of copper overload, where it contains significant amounts of copper [4, 5] . The isolation of MT is largely on the basis of its metal content and therefore precludes the detection of other forms that do not contain metals. Because the isolated protein is often heterogeneous in its metal load and redox state, a defined species is obtained by preparing the apoprotein thionein (T) through acidification and reduction of MT and reconstitution with metal ions [6] . The crystal and solution structures of the mammalian cadmium/zinc protein or cadmium protein show 20 reduced cysteine residues bound to metal ions in two metal-thiolate clusters [7, 8] . Functions of Zn-MT are based on reversible dissociation of its zinc ions and oxidoreduction (redox) of its sulfur ligands [9] . In experiments with the isolated protein, dissociation of the metal ions from MT under non-oxidative and oxidative conditions leads to the reduced (thionein, T R ) and oxidized (thionin, T O ) proteins respectively. However, it is unknown which species of the protein are produced under these conditions in vivo. Evidence for the existence of T came from studies of neoplastic cell lines [10] and rat tissues, in which commensurate amounts of MT and T were found by a differential modification assay [11] . This assay is based on the observation that zinc quenches the reactivity of cysteine residues with thiol-modifying agents, whereas removal of zinc from MT with chelating agents restores the reactivity. However, the assay cannot detect oxidized states of the protein because cysteine labelling with ABD-F (7-fluorobenz-2-oxa-1,3-diazole-4-sulfonamide) must be performed in the presence of the reducing agent TCEP [tris-(2-carboxyethyl)phosphine]. 6-IAF (6-iodoacetamidofluorescein) reacts with thiols in the absence of a reducing agent. When 6-IAF is employed in a double-differential modification assay in the absence or presence of EDTA and TCEP, all three species (MT, T R and T O ) can be measured, thus distinguishing the reduced, oxidized and zinc-bound states of the cysteine side chain [12] . A partially oxidized disulfide-linked protein was isolated from mouse hearts that overexpress MT. Its amount increases when the heart is subjected to oxidative stress by the chemotherapeutic agent doxorubicin [13] . A full speciation and quantitative characterization of the redox state and metal load of the protein has yet to be achieved. When the differential modification assays are employed for speciation of MT in normal tissue, all three states of the protein are found in rat liver under normal physiological conditions. Mild oxidative stress, such as is generated by transformation of cells with the ras v12 oncogene, increases total and oxidized protein and available zinc in cultured cells. Thus it became possible to determine the zinc-binding capacity of MT (MT/T R ratio) and its redox state (T R /T O ratio). These measurements provide information on the availability of cellular zinc as a function of the cellular redox state, and vice versa, on the possible role of MT as a precursor of the T R /T O redox pair.
MATERIALS AND METHODS

Materials
Zn-MT and T were prepared from rabbit liver MT II (MT-2) (Sigma) [6] . ABD-F, FluoZin-3 AM (acetoxymethyl ester) and TCEP hydrochloride were purchased from Invitrogen. Trizma base (Tris), disodium salt of EDTA, TPEN [N,N,N ,Ntetrakis(2-pyridylmethyl)ethylenediamine], 1-hydroxypyridine-2-thione (pyrithione, sodium salt), NEM (N-ethylmaleimide), DTNB [5,5 -dithiobis(2-nitrobenzoic acid)], Zincon (sodium salt), glutathione disulfide (sodium salt), diethyl ether and anhydrous DMF (dimethylformamide) were from Sigma-Aldrich. Hepes (OmniPur) and nitric acid (OmniTrace Ultra) were from Merck KGaA. D-Mannitol, KCl, NaOH, boric acid and HCl were from Fisher. Sucrose was from Mallinkrodt. Chelex ® 100 resin (100-200 mesh, sodium form) was from Bio-Rad. • C under aerobic conditions for 20 min [12] . T O was purified by gel-filtration on a Sephadex G-25 (Amersham Biosciences) column (1.0 cm × 25.0 cm), equilibrated and eluted by 5 mM Tris/HCl, pH 7.4. Absorbance readings at 412 nm yield the concentration of TNB (5-thio-2-nitrobenzoic acid) ions, while T O was detected at 220 nm and its concentration was determined by HPLC separation and fluorimetric analysis after its reduction with TCEP (see below). T O prepared under these conditions contains mostly intramolecular disulfides based on negligible absorbance at 325 nm, the wavelength at which intermolecular disulfides between MT and TNB absorb [14] .
Sample preparation for HPLC and determination of MT, T R and T O
Buffers were treated overnight with Chelex ® resin. An aliquot (approx. one-sixth) of a fresh rat liver was cut and homogenized on ice in 4 vol. of buffer (0.2 M mannitol, 50 mM sucrose, 10 mM KCl and 10 mM Hepes/Na + , pH 7.4) with 15 strokes in a PotterElvehjem homogenizer (Teflon pestle with a clearance of less than 0.1 mm). Homogenates were spun at 10 000 g for 10 min at 4
• C. Acetonitrile was added to the supernatant to a final concentration of 40 % (v/v). Samples were kept at room temperature [11] . After 6 min of incubation at 50
• C, samples were spun at 14 000 g for 5 min. The supernatant was kept at 4
• C and analysed within hours. The same procedure without addition of EDTA was employed for analysis of T, the sum of T R and T O . MT is then calculated as the difference between the two measurements, i.e. (MT + T) − T = MT [11] . T O was determined by blocking all reduced thiols with NEM in the presence of EDTA. To this end, a third aliquot of the sample (50 µl) was mixed with 5 µl of 0.5 M EDTA, pH 8, 5 µl of 100 mM NEM and 30 µl of borate buffer (see above), incubated for 15 min at 37
• C, extracted ten times with 2 vol. of diethyl ether to remove the excess of NEM, and 20 µl of acetonitrile was added to compensate for the amount of acetonitrile lost during extraction. The sample was then derivatized with 2 mM ABD-F in the presence of 15 mM TCEP, incubated for 6 min at 50
• C, and kept at 4
• C for analysis within hours. Residual diethyl ether was removed before derivatization by blowing nitrogen gas over the sample for 2 min at 37
• C. Every sample was run in triplicate. The amount of T O was then used to determine T R , i.e. T − T O = T R .
HPLC analysis
Samples were kept at 4
• C in the autosampler and analysed by separation on a reversed-phase C4 300 Å (1 Å = 0.1 nm) Phenomenex Jupiter 5µ column (250 mm × 4.6 mm) with an Alltech precolumn, using a Beckman Coulter System Gold HPLC with a Jasco Intelligent Fluorescence detector model 2020 at 25
• C (excitation and emission wavelengths: 384 and 512 nm; mobile phase: A, 5 mM Tris/HCl, pH 7.4; B, 50 % 2-propanol in A; flowrate: 1 ml/min; 90 % A for 5 min, followed by a step gradient to 40 % B for 7 min; 100 % B for 5 min, and equilibration with 90 % A). 32 Karat TM Software was used for chromatographic data acquisition and processing.
Cell culture and incubation
HOSE (human ovarian surface epithelial) T29 cells and the same cells transformed with an H-ras v12 oncogene (T29H) were obtained from Dr Xiaodong Cheng (University of Texas Medical Branch) [15] . Cells were maintained at 5 % CO 2 and 37
• C in a humidified atmosphere. Cells were cultured in DMEM (Dulbecco's modified Eagle's medium) with high glucose, Lglutamine and pyridoxine hydrochloride (Gibco) with 10 % (v/v) foetal bovine serum, grade defined (Hyclone), 0.1 mg/ml penicillin G sodium and 0.1 mg/ml streptomycin sulfate. The cells, approx. 85 % confluent, were scraped from the surface using a cell scraper with an 1.8 cm rubber blade (Falcon) or trypsinized [0.25 % (v/v) trypsin solution without EDTA] and homogenized (same procedure as above).
Measurements of cellular available 'free' zinc
Cells at approx. 85 % confluence were trypsinized, and detached cells were collected by centrifugation at 1000 g for 5 min, washed three times with cold DPBS (Dulbecco's PBS) without calcium and magnesium salts, and incubated with 1 µM FluoZin-3 AM for 30 min at 37
• C in the same buffer. Cells were spun at 1000 g for 5 min and washed three times with 10-15 vol. of DPBS. Cells were counted with a haemocytometer. Fluorescence (F) of 1 × 10 6 cells was measured with an SLM 8000 spectrofluorimeter with ISS data acquisition and Vinci Multidimensional Fluorescence Spectroscopy software (25 • C, 492 nm excitation, 517 nm emission). Measurements are based on a two-point calibration by incubating the cells for 10 min with 200 µM TPEN to yield F min and then with 250 µM zinc sulfate and 100 µM pyrithione (sodium salt) to yield F max . Fractional saturation (FS) was calculated according to the equation: FS = (F − F min )/ (F max − F min ) and is a measure of the availability of free zinc.
Spectrophotometric assays
Transfer of zinc from Zn-MT to the chromophoric chelating agent Zincon was measured at 620 nm (Zincon assay). MT (1.2 µM) was mixed with 2.4 µM T O , 24 µM GSSG or 24 µM DTNB in the presence of 100 µM Zincon in 50 mM Hepes/Na + , pH 7.4. Total thiol groups of MT and T R were analysed by reaction with 1 mM DTNB in 50 mM Hepes/Na
. Total protein concentration of T29 cellular homogenates was measured with bicinchoninic acid (Pierce Biotechnology) using BSA as a standard [17] . Absorption readings were taken at 25
• C using a Beckman Coulter DU 800 spectrophotometer.
Measurement of total zinc
Cells (2-6 × 10 6 ) were washed with DPBS, collected by centrifugation at 1000 g for 5 min, homogenized with 4 vol. of homogenization buffer (see above) without adding acetonitrile. An aliquot of the extract was set aside for total protein analysis. The homogenate was digested by adding 100 µl of concentrated nitric acid and incubating at 80
• C until all the liquid evaporated. The residue was dissolved in 50 µl of nitric acid and diluted to 3 ml with Milli-Q water (Millipore Corp.). Samples were analysed by flame atomic absorption spectrophotometry (PerkinElmer 5100 instrument).
RESULTS
Differential labelling of MT and T
Chemical modification is a common approach to investigate the role of cysteine residues in protein structure and function [18] . For MT, differential labelling distinguishes between the metalbound thiolates in MT and the free thiols in T [11] . Strong chelating agents release zinc from its co-ordination environments in proteins. When cysteine is a ligand, unbound cysteine generally has a higher reactivity towards reactive probes such as alkylating agents. This differential chemical reactivity was employed in studies of MT [11] . The fluorigenic agent ABD-F reacts with T in the presence of the reducing agent TCEP, whereas, in the absence of EDTA, its reactivity with MT is very low. TCEP reduces disulfides rapidly. The use of this phosphine-based reducing agent is critical for the labelling of T. The most common reducing agents are thiols. They react with ABD-F or bind zinc ions and thus interfere with the analysis. Zinc binding to TCEP is very weak [19] . At pH 7.4 and 50
• C in the presence of EDTA, the reactions of all three isoforms, MT-1, MT-2 and MT-3, with ABD-F are complete within 5-6 min, yielding a derivative ABD-T (ABD-F-modified T R ) with strong fluorescence at 512 nm when excited with 384 nm light [11] . The fluorescence spectra and elution times of the derivatives of T and MT + EDTA are identical, indicating that the same labelling product is obtained in both instances. The fluorimetric HPLC assay is exquisitely sensitive with a detection limit below 10 pmol [11] . At concentrations below 20 pmol (M)T, the relationship between peak area and the amount of (M)T is non-linear ( Figure 1) .
Titration of T R with zinc ions and analysis of the remaining T (ABD-F modification without EDTA) demonstrates a stoichiometric reaction between apoprotein and zinc from one to seven zinc ions. The reactivity of T R is quenched completely when the stoichiometry of Zn/T R reaches seven (Figure 2) . The same amount of T R is measured in the presence and absence of EDTA (first and second bar), demonstrating that the preparation of T does not contain zinc. The concentration of T based on titration with zinc sulfate is in excellent agreement with the concentration of thiols obtained from an assay of T with DTNB (Figure 2 ). These data demonstrate that the amount of T R can be determined reliably over the entire range of MT/T R ratios. alkylated with NEM in the presence of EDTA, any remaining disulfides were reduced with TCEP, the excess of NEM was extracted with diethylether, and then the newly formed free cysteines were labelled with ABD-F. Mixtures of MT and various amounts of chemically fully oxidized T O were analysed in the absence of EDTA (Figure 3 ). Zn-MT used for this experiment was stored at − 20
• C in nitrogen gas-saturated 20 mM Tris/HCl, pH 7.4, at micromolar concentrations for a few months and contained approx. 2 + − 1 % disulfides (Figure 3, asterisk) . Stepwise addition of chemically oxidized protein (T O ) by increments of 0.1 µM increased the total protein concentration by exactly 0.1 µM. Thus the oxidized protein could be determined quantitatively in the presence of MT. The Zincon assay was used to test whether T O reacts with MT and releases zinc. Thiol/disulfide exchange occurs between MT and DTNB or glutathione disulfide with concomitant zinc release (Figure 4 ), but T O does not release any zinc within 5 h (Figure 4 ).
Metal load and redox states of MT in rat liver
Livers contain relatively large amounts of MT and therefore are used frequently for MT isolation and characterization. It is mandatory to employ fresh liver for the assay as the distribution of species changes during storage of tissue. When rat liver homogenates are kept on ice, MT decreases and T increases [11] . In order to determine whether the oxidation state of the protein changes in this process, a liver homogenate, prepared immediately after the animal was killed, was analysed with the double-differential labelling assay to determine MT, T R and T O . The chromatographic peak of ABD-T from liver homogenates ( Figure 5A ) is well separated from those of the ABD derivatives of lowmolecular-mass thiols, which like MT are not precipitated with acetonitrile [20] ; it also occurs at the same retention time and with the same peak shape as purified MT ( Figure 5B) . Doubledifferential labelling (with NEM and ABD-F) demonstrates the presence of the oxidized protein in rat liver besides MT and T R (Table 1) . T O , 0.4 + − 0.1 nmol/g of wet tissue, amounts to 27 % of total apoprotein (T O + T R ) and to approx. 7 % of total metallothionein (MT + T O + T R ). The homogenate was kept on ice and analysed again after 7, 14, 21 and 30 h (Table 1 and Figure 6A ). An aliquot of the tissue was also kept on ice and analysed after the same periods of time (Table 1 and Figure 6B ). When the liver (homogenate) was kept on ice for 30 h, the total concentration of MT decreases to 51 % (55 %) of its initial value, while that of the total apoprotein (T O + T R ) increases from 27 to 65 % (43 %) ( Figure 6 and Table 1 ). In both cases, the concentration of T O 
Figure 6 Stability of MT in rat liver
Tissue was homogenized and labelled as described in the Materials and methods section. Table 1 ).
increases linearly to three times the initial value (black bars in Figure 6 ). The reduced form, T R (difference between white and black bars) decreases in the intact tissue from the beginning, but a substantial amount of T R exists after 30 h, suggesting that, in the intact tissue, redox metabolism can maintain the apoprotein in the reduced form. In the extract, however, no T R is left after 30 h (Table 1) .
MT and zinc availability in human ovarian surface epithelial cells
Homogenates of HOSE cells analysed in the same way also demonstrate a well-separated peak at the same retention time as in the liver homogenate ( Figure 5C ). Transformation of HOSE T29 cells with the Ras oncogene generates the cell line T29H with increased oxidative stress and an antioxidant response [15] . Therefore these cell lines were employed for an investigation of whether or not oxidative stress affects the amount of T O and zinc release. In the ras-transformed cells, the concentration of total apoprotein is slightly higher (27 % of total protein) than in the control T29 cells (20 %) , while the concentration of T O is about three times higher (Table 2) . Differences in the concentrations of MT and T R are not statistically significant. Oxidative or nitrosative stress releases zinc from proteins with zinc-thiolate (Zn-S Cys ) co-ordination environments. Therefore it was tested whether or not the more oxidized redox state of MT in T29H cells is associated with an increase in the availability of cellular zinc. The available free zinc was measured by loading the cells with a membrane-permeable fluorescent zinc-chelating agent and determining its saturation with zinc after proper calibration of fluorescence [21] . The fractional saturation of the dye, a measure of free zinc (see the Materials and methods section), was 25 % higher in ras-transformed cells than in the control cells, corresponding to 8.9 + − 0.7 % saturation of the dye with zinc. Whereas available free zinc increases, the total zinc concentration in both cells is the same (4.1 + − 0.2 compared with 4.2 + − 0.4 nmol of Zn/mg of protein for transformed and control cells respectively).
DISCUSSION
Three species and three states of metallothionein
Metallothionein with seven bivalent metal ions as determined from structural analyses in crystals and solution [7, 8] is only one of several physiologically significant forms of the protein. The Table 2 Metal load and redox states of MT in normal T29 and transformed T29H cells apoform, thionein, was detected by both invasive and non-invasive methods in neoplastic cell lines [10] , different tissues [11] and cells that overexpress 'metallothionein' [22] . The results of the present study confirm and amplify the observation of a third form with oxidized cysteine sulfurs [12] . Because of this multiplicity, the term 'metallothionein' is ambiguous. Therefore 'MT' will be used in this Discussion whenever the state of the protein in vivo is not defined. The differential modification assays [11, 12] determine three states of thiols: free, metal-bound and disulfide. It is unknown whether the three states detected by these assays in tissues and cells are identical with the three defined species that can be prepared in vitro: MT with seven zinc ions and two species of the apoprotein, fully reduced (thionein, T R ) and fully oxidized (thionin, T O ). The differential modification assays cannot distinguish between one partially oxidized species and a mixture of two species, one reduced and one oxidized. However, the known properties of isolated MT provide aid in interpreting the results obtained with the differential modification assays. T R and T O form a redox pair, whose ratio depends on the cellular redox potential. Therefore a physiological condition under which only either fully reduced or fully oxidized apoprotein exists is most unlikely. T R binds zinc ions with high co-operativity [23] . Hence stable intermediates with different metal loads and free cysteines are not thought to exist for MT-1 and MT-2, and MT and T R can coexist. Whether T O can also coexist with MT and/or T R was unknown. Disulfides release zinc from MT [24] and therefore disulfide-bridged T O could potentially react with MT and release zinc. However, T O does not release zinc from MT (Figure 4) , indicating that MT and T O can coexist as well. Intermediate states between T R and T O with a defined number of disulfides were also never observed. At present, there is no technique to study the interaction between T R and T O . Until resolution of this issue becomes possible, the interpretation is favoured that minimally two species exist, the holoprotein and the apoprotein with either only the apoprotein or both species being partially oxidized. The characteristics of MT-3 provide additional information about the chemical activities of MT. MT-3 is a growth-inhibitory factor, a biological activity that it does not share with MT-1/2. It binds more than seven metal ions with apparently less co-operativity than MT-1/2 [25] . Evidence has been found for a partially oxidized and partially metallated species [26] . In a mixed copper/zinc species of MT-3, one zinc atom in the C-terminal domain is redox-labile, generating a disulfide-bridged Cu 3 Zn 3 form from the Cu 3 Zn 4 form. However, the different characteristics of MT-3 would seem to preclude drawing conclusions as to the states of MT-1/2. Oxidized forms of 'MT' were observed under conditions of cadmium and copper overload [27] [28] [29] , both conditions that elicit considerable oxidative stress. By direct isolation and mass spectrometric characterization, disulfides in MT were detected in mouse hearts that overexpress MT [13] . The amount of oxidized protein increases when the heart is subjected to oxidative stress with the anticancer drug doxorubicin [13] . Although this work demonstrates the presence of oxidized protein under this specific condition, quantification of either the oxidation state or the metal load was not achieved. Because a single species was not found, the authors conclude that disulfides are formed randomly in the C-terminal domain of the protein during oxidation [13] . Structurally, disulfide formation in metallothionein/thionein is potentially extremely complex, although one could argue that the proximity of cysteines in the clusters of MT provides a blueprint for the preferred formation of certain disulfides [9] . With 20 cysteines, 654729075 species with different intramolecular disulfide bonds could form [30] . To complicate matters further, an intermolecular disulfide in MT-1 has been characterized [31] .
Scheme 1 MT-dependent zinc and redox regulation in cellular signalling
Major cellular signalling pathways lead to the induction of T R . The zinc binding of its thiols is redox-dependent, allowing redox control of the availability of cellular zinc for multiple cellular functions. Thus, depending on the redox state and the level of oxidative stress of reactive oxygen, nitrogen and sulfur species (ROS, RNS and RSS respectively), T R either binds zinc to form MT or is oxidized to T O , which does not bind zinc. Reactive species formed under oxidative stress can also convert MT into T O directly and release zinc. Released zinc binds to MTF-1 and induces the transcription of genes involved in antioxidant defence, including T R . In this manner, zinc can control the reducing capacity of T R , a potent cellular reductant owing to its 20 thiols, at both the protein and gene level.
Thus, while the molecular speciation is more complex, our results demonstrate that the protein does not occur in just the one state known from structural studies, but instead in at least three different states that differ in metal load and oxidation of cysteine sulfur ligands.
Redox control of MT/T
Zinc release by oxidative signalling puts MT at a nodal point of zinc and redox signalling (Scheme 1). MT transduces redox signals to zinc signals and vice versa [32, 33] . Reactive species such as nitric oxide and peroxide release zinc from MT and increase the amount of available free zinc. Free zinc is a potent signal that affects cellular signalling with multiple effects on the physiology of a cell, expresses either pro-antioxidant or prooxidant functions [34] and binds to MTF-1 (metal-responseelement-binding transcription factor-1), activating transcription of genes involved in regulating cellular zinc homoeostasis and antioxidant responses [35] .
Multiple inducers of T link the regulation of this protein to major cellular signalling pathways. In this way, the cellular signalling network exerts control over T, which in turn controls the availability of zinc for gene expression in a redox-sensitive manner. Owing to its chelating and reducing capacity, T can either quench zinc signals or participate in the reduction of redox-active disulfides/sulfenic acids in proteins. Seen in this light, MT, i.e. the zinc-bound form, is the precursor of a thiol/disulfide-based redox system. Because of this redox link and the potent action of intracellularly released zinc in the picomolar range [21] , it is by no means straightforward to distinguish between zinc and a redox signal, suggesting that wherever oxidative signalling is involved, the possibility of zinc regulation should be investigated.
Scheme 2 Redox biochemistry of MT
MT, the zinc-loaded form, is oxidized to T O by redox couple 1. The oxidation releases zinc, thus increasing the available zinc, which can affect multiple cellular processes. Redox couple 2, which can be different from redox couple 1, effects conversion between T O and T R and can also modulate the availability of zinc. ox, oxidation; red, reduction.
In contrast with the MT disulfides that were found in the overexpressed protein and in MT from the oxidatively stressed heart [13] , the present paper reports both the presence of T O under normal physiological conditions in the liver and in cultured cells and an increase of T O under a different paradigm of oxidative stress. When compared with untransformed cells, concentrations of T O are higher in HOSE (T29) cells transformed with an oncogenic allele of H-ras v12 . Such transformed cell lines serve as a model for investigating cellular signalling of individual oncogenes [36] . Transformation with the Ras oncogene causes a sustained production of superoxide ions [37] and elicits an antioxidant response [15] . The results demonstrate that the change of the T R /T O ratio is accompanied by an increase in the availability of zinc. Thus, in addition to disulfide-and NO-induced release of zinc from MT [38] [39] [40] , superoxide ions also change the availability of zinc, demonstrating that 'MT' participates in other oxidative signalling pathways. Superoxide ions could effect these changes by reacting with MT or T R , or with both. Reaction with either T R or MT will change the availability of zinc because the MT/T R ratio determines the metal-binding capacity of 'MT'. It is now appreciated that minute changes of the availability of zinc have profound physiological effects. Thus the free zinc concentration in intestinal epithelial cells fluctuates in the picomolar range [21] . In cardiomyocytes of normal rats, it is 520 pM while it is 870 pM in those of diabetic rats [41] . The results suggest that two redox reactions, which may involve the same or different redox pairs, control the redox state of 'MT' and hence the availability of zinc from 'MT' (Scheme 2). One redox reaction is the oxidation of MT and the other is the conversion between T O and T R . The identification of T R as a cofactor for methionine sulfoxide reductase in a reaction coupled to thioredoxin supports the physiological functions of a T R /T O -based redox system [42] .
Interaction of MT with other essential metal ions
Usually, MT contains only trace amounts of other transition metals [2] . Because of the kinetic lability of zinc in MT in exchange reactions with other metal ions, it is unknown whether these metal ions were taken up during isolation or were already present in MT in vivo. Under specific conditions, copper accumulates in MT [4] .
MTs containing either seven ferrous ions [43] or 12 cupric ions [44] can be prepared in vitro. Whether or not MT binds iron in vivo under conditions of iron overload has not been investigated. Iron(II) binds significantly less tightly to MT than zinc, which in turn binds less tightly than copper(I). The relative affinities of these metal ions for sulfur ligands are well established from inorganic thiolate complexes [45] [46] [47] . Therefore, for iron MT to form in vivo, either a large excess of iron to displace zinc from MT or a virtual absence of zinc would be required. It was suggested that autophagocytosis of MT may lead to its binding of iron in lysosomes, suppressing peroxidative reactions initiated by free iron [48] . Although there is evidence for autophagocytosis of oxidized forms of MT [4, 29] , it is unclear whether or not oxidized MT would be reduced in lysosomes to restore its chelating ability because recent evidence suggests an oxidative environment in lysosomes [49] . However, MT is taken up by endocytosis and releases its metal in lysosomes for translocation to the cytosol [50] . If metal release occurs by a non-oxidative mechanism in lysosomes, and if there is a relative large excess of iron compared with other metal ions that bind more strongly to T, then T could serve a purpose in iron binding. A function of MT/T in iron metabolism in cellular compartments that are rich in iron may deserve further investigations. In any event, MT exerts its antioxidant properties via at least two mechanisms, the binding of redox-active metal ions and the reducing and radical-scavenging capacity of its 20 cysteine ligands.
In conclusion, the results support the hypothesis that changes of the redox state of 'MT' modulate the availability of zinc and possibly other coupled redox reactions [32] . The state of the protein can be determined in terms of its zinc load (MT/T R ratio) and its oxidation state (T R /T O ratio). The presence of more than one species of 'MT' in tissues and cells supports dynamic functions of the protein at the crossroads of metal (zinc) and redox metabolism. 
